The plant SLAC1 anion channel controls turgor pressure in the aperture-defining guard cells of plant stomata, thereby regulating the exchange of water vapour and photosynthetic gases in response to environmental signals such as drought or high levels of carbon dioxide. Here we determine the crystal structure of a bacterial homologue (Haemophilus influenzae) of SLAC1 at 1.20 Å resolution, and use structure-inspired mutagenesis to analyse the conductance properties of SLAC1 channels. SLAC1 is a symmetrical trimer composed from quasi-symmetrical subunits, each having ten transmembrane helices arranged from helical hairpin pairs to form a central five-helix transmembrane pore that is gated by an extremely conserved phenylalanine residue. Conformational features indicate a mechanism for control of gating by kinase activation, and electrostatic features of the pore coupled with electrophysiological characteristics indicate that selectivity among different anions is largely a function of the energetic cost of ion dehydration.
The plant SLAC1 anion channel controls turgor pressure in the aperture-defining guard cells of plant stomata, thereby regulating the exchange of water vapour and photosynthetic gases in response to environmental signals such as drought or high levels of carbon dioxide. Here we determine the crystal structure of a bacterial homologue (Haemophilus influenzae) of SLAC1 at 1.20 Å resolution, and use structure-inspired mutagenesis to analyse the conductance properties of SLAC1 channels. SLAC1 is a symmetrical trimer composed from quasi-symmetrical subunits, each having ten transmembrane helices arranged from helical hairpin pairs to form a central five-helix transmembrane pore that is gated by an extremely conserved phenylalanine residue. Conformational features indicate a mechanism for control of gating by kinase activation, and electrostatic features of the pore coupled with electrophysiological characteristics indicate that selectivity among different anions is largely a function of the energetic cost of ion dehydration.
Stomatal pores in the leaves of plants permit the influx of atmospheric CO 2 in exchange for transpirational evaporation of water 1, 2 . A pair of kidney-shaped guard cells defines each pore aperture, and turgor pressure variation in these cells determines the degree of stomatal pore openness. Depending on diverse environmental factors, the stomata close to prevent H 2 O loss and open to admit CO 2 for photosynthesis. Environmental stimuli that lead to stomatal closure include darkness, high CO 2 levels, ozone, low air humidity and drought. The plant hormone abscisic acid (ABA) is critical for signal transduction from these stimuli. Mutational screens in Arabidopsis thaliana for CO 2 and ozone sensitivity identified a protein with ten predicted transmembrane helices, now called SLOW ANION CHANNEL 1 (SLAC1), as having a central role in the control of stomatal closure [3] [4] [5] . Recent studies proved that SLAC1 is indeed an anion channel 6, 7 , with characteristics like those of slow anion channels found in guard cells 8 , and that it is activated by phosphorylation from the OST1 kinase 9 . OST1 activity is negatively regulated by the ABI1 phosphatase 10, 11 , which is in turn inhibited by the stomatal ABA receptors PYR and RCAR 12, 13 when in the ternary hormone-receptor-phosphatase complex [14] [15] [16] [17] [18] . Thereby, ABA stimulates SLAC1 channel activity. Resulting Cl 2 efflux through SLAC1 causes membrane depolarization, which activates outwardrectifying K 1 channels, leading to KCl and water efflux to reduce turgor further and cause stomatal closure. SLAC1 expression in Arabidopsis is confined to the guard cells of leaves, but other Arabidopsis tissues do have SLAC1 homologues 3 , named SLAH1-SLAH4. The identifying mutations slac1-1 (ref. 4) and slac1-2 (ref. 3 ) are, respectively, in predicted transmembrane segments 9 (S456F) and 1 (G194D) of a protein that includes substantial amino-and carboxy-terminal extensions outside a 10-helix transmembrane domain. SLAH1, which is absent from leaves and lacks the terminal extensions of SLAC1, fully complements the mutant phenotype in slac1-2 guard cell protoplasts 3 . SLAC1 and homologues are also present in other plant genomes, including nine in rice (Oryza sativa) and five in grapevines (Vitis vinifera). SLAC1 relatives, some quite remote, also occur in bacteria, archaea and fungi. Known prokaryotic homologues contain only the predicted transmembrane domain of SLAC1, but some fungal homologues do have N-and C-terminal extensions. One homologue, Mae1 from the yeast Schizosaccharomyces pombe, functions as a malate uptake transporter 19 ; another, Ssu1 from Saccharomyces cerevisiae and other fungi including Aspergillus fumigatus, is characterized as a sulphite efflux pump 20, 21 ; and TehA from Escherichia coli is identified as a tellurite resistance protein by virtue of its association in the tehA/tehB operon 22, 23 . Despite a lack of further biochemical characterization, many homologues are annotated as tellurite resistance/dicarboxylate transporter (TDT) proteins.
We have undertaken structural and functional characterizations of the SLAC1 anion channel. We first solved an atomic-resolution crystal structure of the TehA homologue from Haemophilus influenzae, and we then developed a homology model for Arabidopsis SLAC1. This model allowed us to conduct mutagenesis for functional testing of structure-inspired hypotheses on gating and selectivity. We expressed Haemophilus TehA and Arabidopsis SLAC1 in Xenopus oocytes to characterize channel properties of these proteins and mutant variants. We also determined crystal structures for several mutant variants, including the homologue of slac1-2.
Structure of SLAC1 bacterial homologue TehA
We performed a bioinformatic analysis of SLAC1-related proteins, first clustering nearly 900 non-redundant sequences into a superfamily at the PSI-BLAST level E # 10 23 , then into three distinct families at an initial threshold of E # 10 230 , and finally into subfamilies at a typical initial threshold of E # 10 255 . Because previous annotation is not well founded in experiment and SLAC1 is now the best-characterized member, we adopt a nomenclature defining a SLAC superfamily divided into families identified as SF1-SF3 and subfamilies SF1A, SF1B, etc. Family SF1 comprises the plant SLAC proteins and close bacterial homologues; family SF2 comprises a distinct set of bacterial proteins often annotated as exfoliative toxins; and family SF3 comprises the fungal Mae1 and Ssu1 proteins and their archaeal or bacterial homologues, respectively. SLAC family SF1 has three large subfamilies: the plant SLAC and SLAH proteins are in subfamily SF1A, closest bacterial homologues are in SF1B, and the TehA homologues are in SF1C (Fig. 1a ). The other families also divide into subfamilies as detailed in Supplementary Table 1 , and family SF1 is divided into sub-subfamilies (Supplementary Table 2 ). Two pertinent SF1 sequences are aligned in Fig. 1b .
We used a structural genomics approach to obtain structural information, testing expression and purification for forty-three bacterial and (AtSLAC1). The TehA structure has been used to restrict sequence gaps to inter-helical segments. Coils above residues define the extent of the HiTehA helical segments; red letters mark residue identities; red boxes are drawn for residues that are .95% identical within the plant subfamily SF1A for AtSLAC1 or within the TehA subfamily for HiTehA; red diamonds mark HiTehA residues that line the central pore; and the coloured bar below residues encodes ConSurf sequence variability 47 for the SF1 family of 204 non-redundant proteins. a, Electron density distribution from the HiTehA crystal structure at 1.2 Å resolution. The map has (2F o 2 F c ) coefficients based on the superimposed model. Contours are at 2.5s. b, Ribbon diagram of the HiTehA trimer. Each protomer is coloured spectrally from blue at its N terminus to red at its C terminus. c, DelPhi 48 electrostatic potential at the extracellular surface. Electronegative and electropositive potential are coloured in degrees of red and blue saturation, respectively. d, Electrostatic potential 48 at the intracellular surface. e, Ribbon diagram of an HiTehA protomer viewed from outside the membrane. The ribbon is coloured spectrally as in b. f, Ribbon diagram of an HiTehA protomer viewed from within the membrane, 90u from the view of e and with the cytoplasm below. g, Surface of a homology model of AtSLAC1, viewed as in f, and coloured by electrostatic potential 48 . h, Surface of AtSLAC1 as in g, but coloured by sequence variability 47 as in Fig. 1b .
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archaeal likely homologues, assaying for detergent choice and stability on eight of these, finding two with appropriate profiles by size-exclusion chromatography, and obtaining suitable crystals for one. This protein, TehA from H. influenzae (HiTehA), was found to be trimeric both by size-exclusion multi-angle light-scattering (SEC-MALS) measurements and by chemical cross-linking. When solubilized in b-octylglucoside, HiTehA crystallized in space group R3 with a 5 b 5 96.01 Å and c 5 136.27 Å . Each asymmetric unit contains one subunit and 65% solvent. The structure was solved by selenomethionyl (SeMet) SAD phasing, ultimately at 1.50 Å resolution (Supplementary Table 3 and Supplementary Fig. 1 ), and then refined at 1.20 Å resolution ( Fig. 2a ) to R/R free values of 14.1%/16.0% for a model that includes ordered residues 6-313, 213 water molecules and four detergent molecules (Supplementary Table 4 ).
The crystal structure has TehA trimers aligned with three-fold axes of the lattice (Fig. 2b ). Subunits are tightly associated, burying 8,947 Å 2 of total surface area within trimer interfaces. The electrostatic potential surface is largely negative on the extracellular surface ( Fig. 2c ) and largely positive on the cytoplasmic surface ( Fig. 2d ). The membrane orientation is specified experimentally from GFP tagging of E. coli TehA 24 . Each TehA protomer has ten transmembrane helices, as predicted; however, the fold is novel. Tandemly repeated helical hairpins are arranged with quasi-five-fold symmetry ( Fig. 2e and Supplementary Fig. 2 ). Extracellular inter-helix loops are short (2-5 residues), whereas intracellular inter-helix connections are longer, including a nine-residue helix H 2,3 between transmembrane helix 2 (TM 2 ) and TM 3 (Fig. 2f ). An inner pentad of outwardly directed, TM odd , helices creates an apparent pore through each protomer perpendicular to the putative membrane plane. TM even helices from the five hairpins surround the inner pore and make an outer layer.
Homology model for plant SLAC1
Arabidopsis SLAC1 (AtSLAC1) is substantially similar to bacterial homologues, notably HiTehA ( Fig. 1b ). All HiTehA transmembrane helices are fully aligned to predicted SLAC1 transmembrane helices, but there are short inter-helical gaps (1-5 residues) in all five extracellular loops and in two of the intracellular loops. The transmembrane domain of AtSLAC1 (residues 188-504) aligns to HiTehA with 19% sequence identity and with a PSI-BLAST E-value of 3 3 10 222 . For comparison, and in keeping with the family tree ( Fig. 1a) , the transmembrane domain of AtSLAC1 shares sequence identities of 76% with rice SLAC1, 41% with Arabidopsis SLAH1, 25% with an SL1B homologue from Halorhodospira halophila, 11% with S. cerevisiae Ssu1 and 9% with S. pombe Mae1. A conceptual model with the AtSLAC1 sequence transposed onto the HiTehA helices sufficed to guide most of our mutational tests, but a detailed AtSLAC1 homology model helped to refine our ideas. Electrostatic potential and surface variability are plotted onto the surface of this model (Fig. 2g, h) .
The most remarkable feature of the TehA structure and corresponding SLAC1 model is the central pore through each protomer. As is the case for acetylcholine receptors 25 , the SLAC1 pore is formed by five helices, but the SLAC1 helices come from one protein molecule rather than five. The SLAC1 pore has a relatively uniform diameter of approximately 5 Å across nearly five helical turns ( Supplementary  Fig. 3 ), except for a pronounced constriction in the middle of the membrane (Fig. 3a) where the pore is occluded by the side chain of Phe 450 (Phe 262 in HiTehA). This residue is the only absolutely conserved amino acid residue of the SLAC1 family. The pore is lined with highly conserved (86% identity among five SLAC1 orthologues; 32% identity between AtSLAC1 and HiTehA) and generally hydrophobic residues (Figs 1b and 3b, c and Supplementary Fig. 4 ). Despite this 
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hydrophobicity, the electrostatic potential on the pore surface is polarized ( Fig. 3a) , presumably due to an invaginated shape adjacent to charged residues outside the membrane. The generally electropositive character of the cytoplasmic surface probably contributes to anion efflux. Kinks in the pore helices contribute to formation of a relatively constant pore diameter across the membrane. Four of the five HiTehA inner helices have centrally located proline residues, which necessarily generate kinks, and TM 9 is kinked at a backbone-coordinated water molecule (Fig. 3d ). Proline replaces Gly 263 in all SF1A and SF1B relatives, including Pro 451 of AtSLAC1. This water-displacing change is isostructural (Y.-H.C., L.H., S.A.S. and W.A.H., unpublished data). Centrally located proline residues also prevail in TM 3 , TM 5 and TM 7 across the SF1 proteins. The outer helices are longer and straighter, but more inclined. The only outer-helix proline kink of HiTehA is in TM 6 at the trimer three-fold axis.
Two of the gene-identifying mutations in Arabidopsis SLAC1 are selected point mutations; others are disruptive transfer DNA (T-DNA) insertions 4 . In the AtSLAC1 homology model, the slac1-2 (G194D) mutation 3 points into the pore from TM 1 and can be accommodated structurally, whereas the slac1-1 (S456F) mutation 4 points away from the pore six residues after pore-blocking Phe 450 on TM 9 and would be expected to be disruptive. Residue Ser 456 interacts with outer-helix TM 10 in the homology model, and the phenyl bulk from S456F would not fit. Position 456 has alanine in HiTehA and also in 66% of all 204 SF1 homologues, whereas another 27% have threonine or serine (as in all SLAC1 channels); phenylalanine never occurs at position 456 among all 814 SLAC superfamily members. Position 194 has glycine in 58% of SF1 homologues and alanine in another 22%. Residue Asp 194, which never occurs naturally, would block the pore and is expected to repel anions.
Mutational tests of channel function
Mutational studies corroborate the hypothesis that a TehA-based SLAC1 model is appropriate. First, as discussed above, the slac1-1 mutant (S456F) is expected to be structurally disruptive-and indeed it is inactive in guard cells 4 -and the slac1-2 mutation (G194D) is expected to block the pore, and we show below that this variant is also inactive. We have also shown that the introduction of SLAC1conserved proline residues into HiTehA (A208P/G263P) is accommodated isomorphously (Y.-H.C., L.H., S.A.S. and W.A.H., unpublished data). Moreover, as shown below, channel conductance properties of several mutants are similar for AtSLAC1 and HiTehA.
To examine characteristics of the SLAC1 channel in light of the structural model, we performed electrophysiological tests of membrane currents from voltage-clamped Xenopus oocytes after injection of wild-type or mutant AtSLAC1 or HiTehA cRNAs. We observed modest-sized Cl 2 currents with wild-type AtSLAC1 cRNA, as found previously 6, 7 , but did not detect any Cl 2 current after injection of wild-type HiTehA cRNA. We found that SLAC1 Cl 2 conductance was enhanced when the OST1 kinase cRNA was co-injected with SLAC1 cRNA, but only to the levels found by ref. 6 and not to the much higher levels found by ref. 7 with OST1 physically connected to SLAC1 by split YFP linkage. Consistent with the structural evidence that Phe 262 blocks the HiTehA pore, removal of the phenyl group in HiTehA F262A or in the homologous AtSLAC1 F450A mutant resulted in very large Cl 2 currents relative to wild-type levels, and the SLAC1 currents were now less enhanced by the presence of OST1 microelectrode voltage-clamp current traces from oocytes injected with various channel cRNAs. Left column, oocytes injected with cRNAs encoding wild-type HiTehA channels (WT), or F262A, G15D/F262A or G15D mutants. Middle and right columns, oocytes injected with cRNAs for wild-type AtSLAC1, or F450A, G194D/F450A or G194D mutants, with or without co-injection of AtOST1. Dotted lines represent zero current levels. The extracellular solution contained 30 mM CsCl. Schematic icons at the far left show the phenyl gate (green) of wild-type channels and/or the aspartyl barrier (red) of the G194D or G15D mutants. b, Effects of gating residue mutations. Mean chloride currents, measured at 290 mV, are shown comparing wild-type HiTehA with its mutant series F262A, F262G, F262T, F262V, F262L and wild-type AtSLAC1 with its corresponding series F450A, F450G, F450T, F450V, F450L, both alone and coexpressed with AtOST1. Full I-V relations are shown in Supplementary Fig. 5 . c, Effect of substitutions for gating residue Phe 450 on relative AtSLAC1 anion permeabilities. Relative permeabilities (P[X]/P[Cl]) for chloride, nitrate, sulphite and malate of wild-type, F450A and F450T SLAC1 channels were measured from the change in current reversal potential with Cl 2 or anion X 2 as the sole permeant anion in the bath solution (see Methods and Supplementary  Table 6 ).
ARTICLE RESEARCH (Fig. 4a ). The tempting interpretation of a constitutively opened gate in F450A will require validation with appropriately analysed singlechannel recordings 26 . In keeping with the slac1-2 phenotype 3 , neither the functionally impaired AtSLAC1 G194D nor its HiTehA G15D homologue showed any substantial conductance; moreover, consistent with pore blockage by Asp 194 in slac1-2, the large conductances of HiTehA F262A and AtSLAC1 F450A were abolished in the double mutants AtSLAC1 G194D/F450A and HiTehA G15D/F262A (Fig. 4a) .
Here again, the effects in SLAC1 were independent of OST1. We also tested the conductance characteristics for a series of AtSLAC1 F450X substitution mutants-F450A, F450G, F450T, F450V and F450L-and for the corresponding HiTehA F262X series-F262A, F262G, F262T, F262V and F262L (Fig. 4b, Supplementary Fig. 5 and Supplementary Table 5 ). Findings from the two series are roughly parallel; in particular, the alanine and glycine substitutions lead to large currents for both and in comparison to the others. There are distinctions, of course, including generally higher conductances for AtSLAC1 over HiTehA and less conductance of F262T TehA compared to F450T SLAC1. It is also noteworthy that OST1 activation is very muted for the F450A, F450G and F450L mutants, which is consistent with SLAC1 gating at Phe 450.
Crystal structures were also determined for several of the HiTehA mutant variants (Supplementary Table 4 ). The structures of F262A (1.15 Å ), F262V (1.60 Å ), F262L (1.65 Å ) and G15D (1.50 Å ) are all essentially isomorphous with the wild-type TehA structure, with changes localized primarily at the sites of mutation; the same is true for the double mutations of F262A/G15D, F262G/G15D and A208P/ G263P (Y.-H.C., L.H., S.A.S. and W.A.H., unpublished data). The F262A structure has a wide-open pore (Fig. 5a ) with a relatively uniform pore diameter of ,5 Å through ,30 Å across the membrane ( Supplementary Fig. 3) , whereas G15D has a doubly occluded pore (Fig. 5b) . The pores of other mutant variants are consistent with the sizes of constrictive residues and with the observed conductances.
Gating and activation
The crystal structures of TehA and its mutant variants when taken together with the functional studies in Xenopus oocytes point to a crucial role for Phe 450 in gating of the SLAC1 anion channel. Conservation of this residue across the SLAC1 family implies functional importance. The occlusion of the pore by the presence of Phe 262 in the structure of wild-type TehA and the openness of the pore upon substitution of phenylalanine by alanine in the structure of the F262A mutant provides physical evidence for a gating role of this residue. This interpretation is supported by the correlated conductance characteristics from variants of the AtSLAC1 and HiTehA channels ( Fig. 4b and Supplementary Fig. 5 ). Although these observations may suffice for placing the gate within the channel pore, they do not by themselves suggest a mechanism for gating in response to physiological stimuli. Some insight does come from conformational details defined at high resolution.
One important structural clue is that the side chain of Phe 262 is in a high-energy conformation in the HiTehA structure, with x 1 /x 2 at 2160u/24u. Although x 1 is in a preferred trans conformation, the phenyl ring is restricted by contacts with Val 210 and Leu 18 to a x 2 value near 0u rather than near to the preferred 90u orientation (Fig. 5c ). Further evidence that Phe 262 is restrained from local equilibrium comes from shifts observed in crystal structures of the F262A, F262V, F262L and F262G/G15D variants, which all show consistent 
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backbone movements that displace Cb(262) by 0.47-0.78 Å (Fig. 5d ). By contrast, Leu 262 in F262L is in a preferred trans/gauche 1 conformation at x 1 /x 2 5 177u/63u as is Val 262 in F262V at x 1 5 2176u.
What might control activation of HiTehA is unclear, but for AtSLAC1 activation is by OST1 phosphorylation 6, 7 . The molecular consequences of OST1 phosphorylation of SLAC1 remain unknown, but it is plausible that associated shifts in pore-helix orientations would unlatch Phe 450 in SLAC1 from a TehA-like restrained orientation. By analogy with Leu 262 in F262L, we expect a preferred rotameric state for Leu 450 in the AtSLAC1 F450L variant. Thus, the lack of appreciable OST1 activation of conductance in the AtSLAC1 F450L variant (Fig. 5e ) might be explained by the lack of a restraining latch, whereby the channel remains closed despite OST1 activation. Puzzles certainly remain, because OST1 does substantially activate AtSLAC1 F450T and F450V, which like HiTehA F262V should also be unrestrained; presumably, activating adjustments widen the pore enough for ion permeation past threonine and valine but not leucine. Phosphorylation sites have been discovered in the N-and C-terminal tails of AtSLAC1 6, 7, 27 (179 and 51 residues long, respectively), but these alone cannot explain OST1 activation of SLAC1. First, SLAH1, which fully complements the slac1-1 mutation, does not have these cytoplasmic tails. Second, although OST1 phosphorylation of Ser 120 in the N-terminal tail is necessary for SLAC1 activation, it is not sufficient 7 . Thus, we surmise that direct phosphorylation of the SLAC1 transmembrane domain must be critical, and SLAC1 has four conserved Ser/Thr candidates in its cytoplasmic loops. Moreover, SLAC1 proteins have proline-mediated kinks at the putative Phe 450 gate in helix TM 9 , and also in adjacent helix TM 7 ; these features may have a role in phosphorylation-driven unlatching of the Phe 450 gate in SLAC1.
Ion selectivity and discrimination
Our studies of SLAC1 channel relative ion permeabilities, based on measurements of current reversal potential, are consistent with earlier work demonstrating that AtSLAC1 conducts anions but not cations and is selective among anions, with greater permeability for nitrate than for chloride (as in Vicia faba guard cell protoplasts 26 ) and much reduced permeability for malate, bicarbonate or sulphate 6, 7 . We also find that SLAC1 has little permeability for sulphite. Additionally, we find that wild-type SLAC1, F450A and F450T all have similar relative permeabilities to chloride, sulphite and malate, despite having widely different conductance levels, but the gating mutants do show small but significant decreases in their nitrate to chloride permeability ratios ( Fig. 4c and Supplementary Table 6 ).
The relative insensitivity of anion permeability to gating residue changes indicates that selectivity for these anions may occur away from the central constriction at the channel gate. To some extent, ionic discrimination must depend on pore geometry; thus, an organic anion such as malate may be simply too large to pass through the 5-Åwide pore. Although the SLAC1 pore is lined largely with hydrophobic side chains (Fig. 3c) , it also has a few hydroxyl groups from serine and threonine residues (16%) whose electropositive hydrogen atoms may facilitate conductance. Most notably, the electrostatic potential within the AtSLAC1 pore is electropositive throughout (Fig. 3a) . This polarization, promoted by charges on extra-membranous loops, no doubt contributes significantly towards discrimination against cations.
The relative anion permeability sequence of SLAC1 determined by us and others, I 2 .NO 3 2 .Br 2 .Cl 2 (refs 6, 7), corresponds to selectivity sequence 1 compiled by ref. 28 for a range of anion-selective proteins. This sequence correlates inversely with the hydration energies of monovalent anions-anions with a lower hydration energy have a greater channel permeability. It is thought to be generated in proteins with weak, low-field-strength anion-binding sites, where selectivity is largely determined by the energetic cost of anion dehydration. These selectivity results are thus consistent with the SLAC1 structure, where the pore lacks any obvious anion-binding site.
Distinctiveness of the SLAC1 channel SLAC1 anion channels are entirely novel in structure and, apparently, in the mechanism for ion conductance. The best characterized of anion channels belong to the CLC family of Cl 2 channels and transporters [29] [30] [31] . CLC channels have an altogether different architecture from the SLAC1 channel, and the mechanism for selectivity is also very different. Bacterial CLC transporters bind halide ions at three sites in a highly constricted pore 29 . By contrast, the SLAC1 pore has a relatively uniform diameter across the membrane, except where closed by the gating phenyl group, and we do not find discrete ion binding sites. CLC selectivity is governed by specific residues surrounding these binding sites 29, 31 . The anion selectivity sequence for the CLC channels of Cl 2 .Br 2 .NO 3 2 .I 2 , opposite of that in SLAC1, is consistent with the high-field-strength anion-binding sites in CLC channels 28 . Interestingly, as for AtSLAC1, an Arabidopsis CLCa channel also preferentially transports nitrate ions 32 , and an E. coli CLC channel is converted to a preference of nitrate when a generally conserved serine at the central site is substituted with proline, as in AtCLCa 31 .
SLAC1 also differs radically from other structurally characterized anion channels and transporters. These include the VDAC1 voltagegated anion channel from mitochondrial outer membranes, which has a porin-like b-barrel structure [33] [34] [35] , and a light-driven halorhodopsin chloride pump, which has a transmembrane conductance pathway similar to that of the proton-pumping pore of bacteriorhodopsin 36 . Although its channel structure is still only known by homology to other ABC transporters, CFTR is another obviously distinct chloride channel 37 . Cys-loop receptors also include anion channels 38 , and these are similar to SLAC1 in having five-helix pores 25 , but here selectivity is governed by charged groups at the entrance to the pore, which distinguish the anion-selective GABA A and glycine receptors from the cation-selective acetylcholine and serotonin 5HT3 receptors 38 . Finally, recently identified TMEM16A genes for calciumactivated chloride channels [39] [40] [41] seem to encode an 8-transmembrane protein that is again distinct from SLAC1.
Stomatal guard cells show both rapidly activated (R-type) and slow (S-type) anion channel activity 42 . Although slac1 guard cells have very defective S-type activity, their R-type currents are normal 4 . Guard cell protoplasts from the slac1-2 mutant abnormally accumulate Cl 2 , K 1 , malate and fumarate 3 , whereas SLAC1 shows negligible malate conductance 7 . As for SLAC1-associated K 1 movements, other channels or transporters must be responsible for SLAC1-associated malate movements. Recent studies indicate that AtALMT12, an aluminium-activated malate transporter (ALMT) family member, is a malatedependent R-type anion channel 43 needed for stomatal closure 44 .
Conclusions
We find that many functional properties of the plant SLAC1 anion channel are explained well by the structure of a previously uncharacterized bacterial TehA protein that has been associated with tellurite resistance. SLAC1 and TehA belong to distinct subfamilies within one branch of a larger SLAC1 superfamily, but AtSLAC1 and HiTehA are sufficiently similar (19% sequence identity) that the SLAC1 homology model is predictive for function, including a verified placement of the identifying slac1-2 mutation G194D and a phenylalanine gate. Two questions that remain concern the structural change that activating phosphorylation elicits in SLAC1, and the biochemical role of the TehA homologues in bacteria. Elsewhere (Y.-H.C., L.H., S.A.S. and W.A.H., unpublished data), we examine the functional and structural properties of TehA in bacteria, showing that it is an anion channel, although actually not conferring tellurite resistance, and identifying a mutant variant with properties indicative of an activated state. Thus, ARTICLE RESEARCH SLAC1 and TehA probably represent a large family of selective anion channels controlled by environmental stimuli.
METHODS SUMMARY
NYCOMPS pipeline procedures 45 were used to identify prokaryotic homologues of E. coli TehA and to test for suitability for detergent solubilization and purification. H. influenzae TehA was stably purified and crystals that diffracted beyond 1.1 Å spacings were obtained at 4 uC from protein in b-octylglucoside detergent at a range of pH values buffered from 5.2 to 10.2 and with PEG600 or PEG400 as the precipitant. The structure of HiTehA was solved from SeMet SAD measurements, initially at 2.0 Å but later extended to 1.5 Å resolution, and then refined at 1.20 Å resolution for wild-type HiTehA. A thorough bioinformatic analysis showed that TehA and plant SLAC1 proteins are close relatives in a family distinct from other homologues. Mutant variants were prepared by sitedirected mutagenesis in both HiTehA and AtSLAC1. Corresponding cRNAs were injected into Xenopus oocytes, and conductance properties were studied in whole-cell voltage-clamp recordings.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
